INTRODUCTION
Multiple forms of DNA polymerases have been detected in a number of eukaryotic organisms, and these enzymes have very different properties (Wallace et al. 1971; Chang and Bollum 1971; Sedwick et al. 1972; Matsukage et al. 1974; Lynch et al. 1975; Brakel and Blumenthal 1977; Weissbach 1977) . Activity varies markedly depending on the developmental or physiological state of the cells (Chiu and Sung 1972; Benbow et al. 1975; Ford et al. 1975; Bertazzoni et al. 1976; Spadari et al. 1978) . Information on the characterization of DNA polymerase in plant system is scanty, particularly in the higher plants, presumably because of difficulty of isolation and low activity (Tewari and Wildman 1967; Wever and Takats 1970; Stout and Arens 1970) . No 1S-type enzyme has been reported to exist in the plant system 1) All correspondence should be addressed to H. Fukasawa. (Chang 1976) . The inflorescence of the cauliflower (Brassica oleracea, var. botrytis) has a peculiar hypertrophic differentiation, with continuous growth under mitotic division until the floral primordia have developed.
The apical parts of the inflorescence consist of undifferentiated small cells with nuclei closely packed in each cell, and this tissue has a higher DNA content than the immediately underlying axial tissues (Fukasawa and Hamada 1974) . To characterize the cauliflower DNA polymerase in the apical part of the inflorescence, we isolated DNA polymerase and partially purified three enzymes and demonstrated the characteristics of enzyme A and B in detail, indicating that several points of properties in both enzymes (A and B) resemble to those of the two DNA polymerases (a and j9) from mammalian cells, respectively. Fresh cauliflower head, weighing 300-400 g, were purchased locally. The apical part of the head was dissected into small pieces (about 2 mm thick) and these were immersed directly in liquid nitrogen and stored at -60°C until use.
MATERIALS AND METHODS

Materials
Preparation
of the enzyme The procedures used to isolate the DNA polymerase were basically similar to those used to isolate RNA polymerase I from cauliflower inflorescence (Fukasawa and Mizuochi 1974; Fukasawa and Uchiyama 1977) . Frozen cauliflower tissuses were homogenized in a Polytron (Kinematica Co.) with two volumes of TGMED-buffer (50 mM Tris-HC1 pH 7.7, 5 mM MgC12, 1 mM dithiothreitol, 1 mM EDTA, 25% glycerol) containing 0.45 M ammonium sulfate, then sonicated for 3 min, after which 20% Polyclar-AT (polyvinylpyrrolidone) was added. After filtering it through four layers of gauze, the solution was centrifuged at 105,000 x g for 60 min. The supernatant was brought to 70% (NH4)2SO4-saturation, then centrifuged at 15,000 x g. The precipitate was dialyzed 20 h against TGMED-buffer.
Polyethylenimine fractionation was carried out in a somewhat different manner by the method described by Jendrisak and Burgess (1975) . The protein concentration of the dialysate was adjusted to 10 mg/ml, and 10% polyethylenimine was added in a ratio of 10,d/ml.
After mixing the solution for 10 min, it was centrifuged at 15,000 x g for 20 min. The supernatant (Sup. I) was pooled. The sediment was suspended in TGMED-buffer with a Teflon homogenizer and centrifuged at 15,000xg for 20 min. The supernatant (Sup. II) was combined with Sup. I, and loaded on a DEAESephadex column (2.2 x 53 cm) previously equilibrated with TGMED-buffer. The enzymes were eluted with a linear gradient of 0 to 0.9 M KC1 in TGMED-buffer. The flow rate was 20 ml/h. Five mililiter fractions were collected and assayed for DNA polymerase.
The two activity portions (A and B) were separately pooled, and loaded on a CM-Sephadex column (1.5 x 25 cm), and eluted with a linear gradient of 0 to 0.8 M KCl in TGMED-buffer.
DNA polymerase assay
Enzyme activity was determined by measuring the incorporation of [3H]dTTP into the acid-precipitated material.
Five standard reaction mixtures were used containing the following ingredients in 0.125 ml; System A : 50 mM Tris-HC1 pH 7.7, 5 mM MgC12, 1 mM dithiothreitol, 0.1 mM each dATP, dGTP, dCTP and [3H]dTTP (40 ~cCi/nmole) ; 80;ug/ml activated calf-thymus DNA; 80 pg/ml bovine serum albumin, and the enzyme fraction (50 p1). System B was the same as system A except that the amount of MgC12 was increased to 20 mM and the activated DNA was replaced by heat-denatured DNA. System C was the same as system A except that it contained 60 mM KCl and activated DNA was replaced by heat-denatured DNA. System D was the same as system C except that the amount of KC1 was increased to 120 mM. System E contained 50 mM Tris-HC1 pH 7.5, 0.5 mM MnCl2, 100 mM KCI, 2.5 mM dithiothreitol, 2.5 pg poly (rA) . (dT) lo, 0.1 mM [3H]dTTP and 40pg/ml bovine serum albumin.
After incubation at 35°C for 60 min, 100 pl of the incubation medium was placed on a filter paper (Whatman, 3-MM, 2.4 cm) and left for 1 min. The discs were immersed in cold 5% trichloroacetic acid containing 10 mM sodium pyrophosphate, they washed 5 times with the acid solution, followed by 3 ethanol washes after which they were air dried. The discs were counted in a 0.5% 2,5-diphenyloxazole-0.03% dimethyl-POPOP-toluene solution in a Packard Tri-Carb liquid scintillation spectrometer.
Protein determination was made by a comparison of the Also nm/A2so nm ratios.
Activated DNA was prepared by limited digestion of calf-thymus DNA with pancreatic DNase as described by Aposhian and Kornberg (1962) . Denatured DNA was prepared by heating DNA at 100°C for 10 min then rapidly cooling it in melting ice.
RESULTS
Separation of DNA polymerases
The DNA polymerases were extracted by homogenizing the frozen inflorescence tissues, and were efficiently purified with polyethylenimine as described in Materials and Methods.
This was followed by DEAE-Sephadex and CM-Sephadex column chromatographies.
Two DNA polymerase fractions were readily separated by DEAF-Sephadex column chromatography ( Fig. 1) or by DEAE-cellulose chromatography. One major peak, A, was eluted at a concentration of 0.06 M KC1 and the other, B, did not adsorb on the DEAE-Sephadex and flowed through in TGMED-buffer without KCI. Re-chromatography with a DEAE-Sephadex or a DEAE-cellulose column confirmed that fraction B was not adsorbable on an anion-exchanger.
The two fractions were underwent CMSephadex column separately, and the fractions eluted with a linear gradient of 0 to 0.8M KCl in TGMED-buffer were assayed for DNA polymerase activity.
DNA polymerase A was eluted at 0.135 M KCl (Fig. 2) . DNA polymerase B adsorbed on CM-Sephadex was eluted at 0.17 M KCI, showing an activity peak with a slight shoulder when assayed M. Y. CHOU, H. MATSUMOTO and H. FUKASAWA with system A (Fig. 3) . No shoulder appeared when measured with assay system D which gave a higher incorporation of [3H]dTTP than did system A. Summary of the results of typical enzyme purification for both DNA polymerases is presented in Table 1 . The total activity of the crude extract was much lower than that of fractions from further purification steps.
The crude extract may contain an inhibitor of DNA polymerase activity or an enzyme that degradates the DNA formed. The DNA polymerase activity of enzyme A in the DEAE-Sephadex fraction is higher than that of enzyme B in its total activity and in its specific activity under the assay condition, system A. Further purification with CM-Sephadex indicated that the total activities of enzyme A and B were almost the same, although the protein concentration in the fraction of enzyme A was remarkably reduced in comparison to that of enzyme B. Accordingly, the specific activity of enzyme A increased greatly and approximately 5,000-fold purification was achieved.
No nuclease activity was found in both enzyme fractions (data not shown).
After CM-Sephadex chromatography, the peak fractions of both enzymes were pooled, concentrated in a collodion bag under negative pressure, and chromatographed separately on a column of Sephadex G-200 (Fig. 4) . The results indicate that enzyme A has a higher molecular weight than enzyme B, and roughly estimated as 100,000 and DEAE-Sephadex column profile. Polyethlenimine-treated DNA polymerase containing 550 mg of protein was loaded on a 2.2x53 cm DEAESephadex A-25 column equilibrated with TGMED-buffer.
The column was then washed with 200 ml of the buffer and eluted with 500 ml of a linear gradient of 0 to 1.0 M KCl in the buffer.
The flow rate was 33 ml/h. Washed-through fraction (Nos. 1-20) and the linear gradient fractions (Nos. 21-60) were collected at 10.5 ml. 50 pl samples were assayed for DNA polymerase activity in the standard reaction mixture, system A, as described under Materials and Methods.
•-•, DNA polymerase activity;......., Absorbance at 280 nm; , KCl concentration.
75,000, respectively, by extrapolation.
In each case, a 1.5 to 2-fold further purification was obtained in the gel filtration step.
DEAE-Sephadex and CM-Sephadex fractions were assayed with system E to detect an enzyme which may correspond to r-type enzyme of mammalian DNA polymerase. The activity of enzyme (designated C) assayed with system E was eluted somewhat earlier than was the activity of enzyme A in DEAE-Sephadex column chromatography (Fig. 5 A) . The activity peak fraction of enzyme A could not contain enzyme C, but the peak fraction of enzyme C contained considerable amounts of enzyme A. The peak fraction of enzyme C was loaded on a CM-Sephadex column, and the elution pattern (Fig. 5 B) showed that an enzyme activity in the assay with system E was eluted somewhat later than that of enzyme A activity.
The peak fraction of enzyme C also contained some amounts of enzyme A.
Characterization
of the two DNA polymerases, A and B Requirements for the reaction The basic requirements of both polymerases are presented in Table 2 . Assay system A and B were used for enzyme A. No detectable activity was observed in the absence of DNA or MgCl2. In the absence of dGTP, dCTP, or dATP, the activity in system The column was then washed with 50 ml of the buffer and eluted with 120 ml of a linear gradient of 0 to 0.6 M KCl in the buffer. The flow rate was 20 ml/h. Fractions of 2.9 ml were collected and 50 it samples were assayed for DNA polymerase activity in the standard reaction mixture, system A. 3. CM-Sephadex column profile of DNA polymerase-B. The washed fractions (92 mg of protein) from the DEAE-Sephadex column were loaded on a 1.5 X 25 cm CM-Sephadex column equilibrated with TGMED-buffer. The column was then washed with 50 ml of the buffer and eluted with 120 ml of a linear gradient of 0 to 0.9 M KCl in the buffer.
The flow rate was 20 ml/h. Fractions of 3.5 ml were collected and 50 pl samples were assayed for DNA polymerase activity in the reaction mixture, system A.
•-, DNA polymerase activity; ......, Absorbance at 280 nm; , KCl concentration. A were reduced to 13-18 percent of those in the complete reaction mixture. When assay system B was used, greater reduced activity ratios occurred in the absence of one or three deoxynucleoside triphosphates (dNTPs). The residual activity seen in the absence of three dNTPs is probably due to the formation of the oligothymidine in oligoadenosine region of the template. Enzyme A utilized activated DNA (about 5% acidsoluble) and native DNA as template more effectively than did denatured DNA, as seen from the assay with reaction mixture system A. However, when it was assayed in system B (heat-denatured DNA as template), both enzymes had a high level incorporation of [3H]dTTP, whereas activated DNA and native DNA were not utilized as much. When poly(rA). (dT)lo was used as the template-primer, enzyme B displayed much higher incorporation.
Dependence upon temperature and the duration of incubation The time course of the incorporation of radioactivity was investigated in relation to incubation time at various temperatures (0°, 20°, 30°, 40°, and 52°C). The rate of in- was found in 0°C-incubation for 180 min. 52°C-incubation showed that enzyme B was damaged after incubation for 30 min, while enzyme A had still considerable amounts of incorporation even through 180 min.
Effect of divalent cations
The effect of varying concentrations of divalent cations on the activity of both enzymes was measured.
Activated DNA and heat-denatured DNA were used as templates. A clear difference was observed in the optimal concentration of MgC12 with both templates.
Enzyme A had optimum activity at 5 mM MgC12 when incubated with activated DNA as template, and 10 mM MgCl2 with denatured DNA. Superoptimal concentration of MgC12 was inhibitory.
Denatured DNA was a much more effective template The column was then washed with 200 ml of the buffer and eluted with 300 ml of a linear gradient of 0 to 0.6 M KCl in the buffer. The flow rate was 30 ml/h.
Fractions of 10 ml were collected and 50 p1 samples were assayed for DNA polymerase acitivity in systems E and C.
(B), CM-Sephadex column profile. The enzyme fraction (Nos. 51-55) eluted from the DEAE-Sephadex column was loaded on a 1.5x26 cm column of CM-Sephadex C-25 equilibrated with TGED-buffer.
The column was then washed with 50 ml of the buffer and eluted with 120 ml of a linear gradient of 0 to 1.0 M KCl in the buffer.
The flow rate was 27 ml/h. Fractions of 3.5 ml were collected and 50 pl samples were assayed for DNA polymerase activity in systems E and C. Both enzymes had their highest activity at 5 mM MgC12, in the presence of 60 mM KCl for enzyme A or 120 mM KCl for enzyme B.
Polymerase activity was also a function of the MnC12 concentration. Maximum incorporation was observed at 0.5 mM MnCl2 when denatured DNA was used as the template with both enzymes.
When activated DNA was used, the optimum was 0.3 mM with enzyme A, and 0.1 mM with enzyme B. Notably the polymerase reaction by enzyme A shows a higher incorporation with activated DNA than with denatured DNA, whereas the reaction by enzyme B shows a higher incorporation with denatured DNA than with activated DNA.
Effect of ionic strength
Both polymerase activities were markedly influenced by the ionic strength of the assay mixture.
After CM-Sephadex column chromatography, both enzyme fractions were desalted through a Sephadex G-50 column, then the enzyme activities were measured in the presence of various concentrations of KCI. Enzyme A had its optimum activity at 40 mM with activated DNA, and 60 mM with denatured DNA. Enzyme B showed low activity with activated DNA that was almost independent of the KCl concentration, and high activity with denatured DNA at concentrations above 120 mM KCl (Fig. 6) .
Effect of the pH of the reaction mixture Tris-HC1 buffer (50 mM) was used over a pH range of 7.0-9.5. A relatively sharp optimum at 7.5 was found for enzyme A assayed with system C, whereas enzyme B exhibited an optimum pH of 8.0, with considerable activities in the alkaline range of pH when assayed with system D.
Effect of N-ethylmaleimide
The effect of the thiol reagent, N-ethylmaleimide (NEM), on the activities of enzyme A and B was investigated.
Both enzymes were inhibited to about the same degree (62% inhibition) at a low concentration (0.5 mM) of NEM under the assay condition of system A, whereas a different response of both enzymes was observed at higher concentrations (1-5 mM) : enzyme B was relatively resistant by the reagent than was enzyme A. However, enzyme B purified by DNA-cellulose chromatography was fairly inhibited at low concentration of NEM in the assay system D.
DISCUSSION
The existence of multiple forms of DNA polymerases in eukaryotes is well established and one of the nuclear DNA polymerases is known not to be adsorbed on DEAEcellulose (Weissbach et al. 1971) or to be eluted at a low salt concentration (Lewis et al. 1974 ). This type of enzyme was designated j9 at the international conference held at Asilomar (Weissbach et al. 1975) . Chang (1976) described DNA polymerase-R as being of low molecular weight (<_ 50,000) and as being widely distributed in multicellular organisms although absent in bacteria, protozoa, and plants. She postulated that DNA polymerase-jl may have evolved when animal cells developed a multicellular form. McLennan et al. (1975) reported that two DNA polymerases, pol A and B, from the unicellular alga, Euglena gracilis have similar characteristics and high molecular weights. Ross and Harris (1978) also reported that Chlamydomonas reinhardii has high molecular weight DNA polymerases, A and B and that a 3 S species was found in aged preparations of both enzymes.
DNA polymerase-A and -B obtained from the cauliflower inflorescence were readily separable from each other; enzyme A was adsorbable on an anion-exchanger, and enzyme B was not. They differed markedly in their response to the ionic strength of the reaction mixture.
Enzyme A was strongly inhibited by high concentration of KCl (100 mM), whereas enzyme B was stimulated by 100-200 mM KCI. Enzyme A had a relatively sharp optimum at pH 7.5 in Tris-HC1 buffer (50 mM) with denatured DNA, but enzyme B had its optimum pH at 8.0 with considerable activation at alkaline pHs. Gel chromatography on Sephadex G-200 showed that enzyme A had a higher molecular weight than enzyme B and approximately 100,000 and 75,000, respectively. Enzyme A is similar in their properties to the corresponding DNA polymerase-a from mammalian cells. Although the molecular weight of enzyme B is somewhat higher than that of the DNA polymerase-13 from mammalian cells and is considerably sensitive to NEM, several points of properties resemble to those of enzyme-jS; especially,
(1) not adsorbable on an anionexchanger, 
